Abstract. In this paper, we analyse the effectiveness of flood management measures based on the concept known as "retaining water in the landscape". The investigated measures include afforestation, micro-ponds and small-reservoirs. A comparative and model-based methodological approach has been developed and applied for three meso-scale catchments located in different European hydro-climatological regions: Poyo (184 km 2 ) in the Spanish Mediterranean, Upper Iller (954 km 2 ) in the German Alps and Kamp (621 km 2 ) in Northeast-Austria representing the Continental hydroclimate. This comparative analysis has found general similarities in spite of the particular differences among studied areas. In general terms, the flood reduction through the concept of "retaining water in the landscape" depends on the following factors: the storage capacity increase in the catchment resulting from such measures, the characteristics of the rainfall event, the antecedent soil moisture condition and the spatial distribution of such flood management measures in the catchment. In general, our study has shown that, this concept is effective for small and medium events, but almost negligible for the largest and less frequent floods: this holds true for all different hydro-climatic regions, and with different landuse, soils and morphological settings.
Introduction
Flood management measures are actions that are taken to reduce either the probability of flooding or the consequences of flooding or some combination of the two (Samuels et al., 2009 ). Pre-flood preparedness, as one of the components of holistic flood management (Kundzewicz and Takeuchi, 1999) , involves decisions for future planning that could produce long-term environmental changes. Here, the concept of change is central to both the processes involved as well as the methodologies used in their analysis (Bronstert, 2004; Blöschl et al., 2007) . Hydrological processes are a key consideration when characterising floods during the hazard determination stage and in subsequent risk analysis (Schumann, 2011) . The methodology used for flood management planning must be able to distinguish broad strategic options and it requires an approximate precision of information to support decisions . For this purpose, hydrological models should be used because they are able to reflect landscape characteristics as well as hydrological scales (Plate, 2009) .
The representation of flood management measures in hydrological modelling makes it necessary to address the problem of changing conditions at the same location. It is one of the problems of model transposability (Klemeš, 1986) . To this end, the scenario approach is one of the most frequently used techniques in environmental studies due to its flexibility and future-orientation. It offers an opportunity for assessment of the present and possible future situation, but bearing in mind that it is to be understood as a projection rather than a prediction (Niehoff et al., 2002) . If the same relevant hydrological processes are assumed, we can use validated models to assess the impact of changed pressure conditions responding to a known system (Klöcking and Haberlandt, 2002) . Then, a calibrated and validated model can be used as reference to analyse a new scenario (Wegehenkel, 2002) . Assuming a hydrological model which represents the dominant processes operating in a catchment under current conditions, the following considerations are of particular importance: (i) deciding which model parameters will change, and (ii) the extent to which the new characteristics of the altered system should be reflected (Wagener, 2007) .
The knowledge of the effectiveness of various measures is the basis for designing an efficient strategy in the context of flood management (Hooijer et al., 2004 ). An indicator to evaluate the measure effectiveness will be via peak discharge reduction because it will contribute to evaluating the attainment of the flooding probability reduction. Regarding this indicator, there is an important body of literature on individual catchments and individual measures, but there are few comparative studies regarding several measures, scales and places simultaneously. Two published integrated modelling projects applied on large scale river basins were carried out in the Rhine and Meuse rivers by Hooijer et al. (2004) and by Bronstert et al. (2007) for the Rhine basin. Both groups concluded that upstream water retention measures, along channels or through land use changes, can significantly reduce the frequency of small and intermediate floods in small basins, or contribute to the reduction of medium floods in large basins. However, no significant effect was noted in extreme flood events occurring in large basins and far downstream. Changes induced by similar measures on hydrological processes in a particular catchment may or may not appear to be similar to those experienced in another catchment with different characteristics. Wagener et al. (2010) call for an interdisciplinary collaborative effort to help understand changes across locations and spatiotemporal scales through a "comparative hydrology" which help us to understand the spatial variability of system behaviour and its controls. On this basis, this approach would help with understanding similarities and identifying dissimilarities.
The aim of this paper is to carry out a combination of comparative hydrological analysis with scenario based modelling, to assess the effectiveness of three flood management measures, in terms of their capacity for peak discharge reduction. To do so, we analyse a set of particular pre-flood preparedness measures, based on the concept of "retaining water in the landscape", in order to assess its possible role in achieving the goals of the EU Flood Directive. Within this concept, we evaluate source control measures through the alteration of runoff generation processes in the catchment and runoff routing mechanisms, both in the catchment hillslopes and in the headwater channel networks. Measures to prevent flood generation and preventive flood control measures were those identified in the classification given by Hooijer et al. (2004) . In this sense, effects on flood characteristics will be expected, especially a reduction in peak discharges.
Three types of measures are often part of this flood mitigation strategy: afforestation, ponds and small-reservoirs. Afforestation was introduced in several catchment policies, such as in the Elbe river basin (Wahren et al., 2007) and the Rhine river basin (Disse and Engel, 2001 ). Ponds are valuable elements in both local and regional landscapes, because they can help fulfil a variety of goals in flood control, water quality and ecological or agricultural functions (De Laney, 1995) . A cascade of reservoirs is more effective in terms of peak delay than a single reservoir with the same storage capacity, because this system tends to generate a multi-peaked hydrograph (Valdes and Marco, 1995) ; thereby reductions in maximum peak discharges will be expected. Also, a set of small dams (maximum height 15 m) with small reservoirs (maximum volume 100 000 m 3 ) may reduce both the environmental impacts of such engineering works as well as the severity of potential downstream damages through a dam failure.
The aim of this paper is based on the following scientific questions: (i) what are the differences in terms of effectiveness among these types of measures? and (ii) which factors control these differences?. To answer these, we have analysed the hydrological processes in three catchments with significant differences (in terms of size, climate, land cover, soil and hydrogeology), using distributed hydrological models and a scenario approach, i.e., assuming current conditions as a reference situation and the scenarios reflecting the preflood measures proposed in future planning. In order to focus on the dominant mechanism for runoff generation, we have chosen three meso-scale catchments where flood wave routing in the floodplain does not affect the discharge at the catchment outlet (Bronstert et al., 2007) and where hydrological modelling is considered to be a very useful and appropriate tool (Hundecha and Bárdossy, 2004; Plate, 2009) .
The paper is organised as follows. Section 2 presents a brief description of each study area in terms of their main physical characteristics. Section 3 gives a description of each hydrological model, followed by the methodology for the parameterisation of flood management scenarios (Sect. 4). Section 5 presents the results and discusses them in terms of the methodology applied and the effectiveness of the pre-flood measures proposed. Section 6 presents the conclusions and some final recommendations.
Study areas
Three different case studies were selected according to the classification of hydro-climatological regions of Europe. All of them are characterised by different climate, vegetation, soils, hydrogeology and flood processes. Figure 1 shows the location of the catchments from left to right: (a) the "Rambla del Poyo" on the East coast of Spain; (b) "Upper Iller River" in Southern Germany in an alpine region close to the Austrian border; and (c) "Kamp River" in north-eastern Austria close to the Czech border. In the same order, catchment drainage areas are 184 km 2 , 954 km 2 and 621 km 2 , representing the Mediterranean, Alpine and Continental European hydro-climatological regions, respectively. There are a number of differences in topographical conditions, with altitudes ranging between 111 and 1030 m a.s.l. in Poyo, 500 and 996 m a.s.l. in Kamp and 658 and 2638 m a.s.l. in Upper Iller (see Fig. 1 ). Data from the 1kmx1km raster library of the European Soil Database (Panagos et al., 2012) have helped us to identify several parent material hydrogeological types (Fig. 2) and soil codes from the World Reference Base (Fig. 3) . Land cover is also quite different across catchments, as can be seen in Fig. 4 ; there are different land cover classes which were obtained from CORINE Land Cover 2000 codes (CLC2000) at label 3. The catchments are briefly described in the following, while the main hydro-climatic characteristics are compiled in Table 1 . Spatial characteristics extracted from European Soil Database and CLC2000 (Figs. 2, 3 and 4) are based on original sources from the national databases listed in Table 2 . The spatial data shown in Table 2 were used in each case study as explained in the next section.
The Poyo catchment is characterised by a semiarid Mediterranean climate, with a mean annual rainfall of about 450 mm and a potential evapotranspiration about 1100 mm. The flow regime in Poyo catchment is typically ephemeral (i.e., without baseflow) and dominated by extreme rainfall events, whose intensity is the main cause of flash floods. The annual runoff coefficient is approximately 2 %, but Camarasa and Segura (2001) computed an average event-based runoff coefficient of about 8 %, which is highly variable. Camarasa and Segura (2001) found that as a function of rainfall characteristics and the synchronisation of tributaries, the responses can be either single high peak discharges (with low volumes and short duration) or multipeak discharges (with higher volumes and longer duration). Associated are to two distinct rainfall patterns: (i) convective cells that show the greatest intensity, shortest duration and fastest movement mainly over coastal areas, and (ii) persistent, larger cells showing intermediate intensity and slower movement over mountainous areas. The most important flood registered took place in October 2000, producing considerable damages in the floodplain area.
In the Upper Iller catchment, the mean annual precipitation is approximately 2000 mm with an annual runoff In the Kamp catchment, the mean annual precipitation is about 900 mm of which about 300 mm becomes runoff, i.e., the annual runoff coefficient is approximately 33 % (Parajka et al., 2005) . It is characterised by a range of flood processes, with the most important floods produced by synoptic events in which humid air is transported from the Mediterranean; this type of flood exhibits the largest flood 
Hydrological models
Three process-oriented distributed rainfall-runoff models specifically tailored and adapted for the peculiarities of the different catchments and their hydro-climatic settings, were applied and compared in this study. Under the current conditions pertaining to each study area, the methodology involved: (i) the identification of the model structure and its respective parameters, including the possibility of a model calibration; and (ii) a model evaluation using the recorded historical events not used in calibration, following the considerations given by Klemeš (1986) . Therefore, it is necessary to bear in mind that the process-oriented hydrological modelling in this framework is for planning purposes, decision-making support and performance is judged with historical observations. In this sense, the model evaluation is to demonstrate that physical dominant processes in the basin have been simulated appropriately and the model is capable of performing projections based on the characteristics prevailing in the catchment for the reference period. Model evaluation methods such as quantitative statistics and graphical techniques were used in this stage according to standard recommendations (e.g., Moriasi et al., 2007) . On this basis, the proposed flood management measures were analysed by means of changes in the model parameters based on the current physical characteristics identified previously. Subsequent simulations using the same recorded historical event were realised with this new set of altered parameters. The results of this analysis were the hydrographs for both current conditions and each scenario which allowed us to compare the effectiveness of each measure on flood magnitude in terms of peak discharge reduction.
The three catchment models applied and compared in this study are: TETIS model (Francés et al., 2007) for the Poyo catchment, WASIM-ETH version 1 (Schulla and Jasper, 2007) for the Upper Iller catchment and KAMPUS model (Blöschl et al., 2008) for the Kamp catchment. Each model has been successfully used for different model-based applications in similar hydro-climatic regions. For example, the TETIS model was performed for a regional water resources study in the Basque Country Region, northern Spain (Vélez et al., 2009) , the WASIM-ETH was applied in SW Germany to analyse the impact of land-use change impacts on stormrunoff generation (Niehoff et al., 2002) , while the KAMPUS model is in operational use for forecasting flash floods in northern Austria (Blöschl et al., 2008) .
TETIS, WASIM-ETH and KAMPUS have two important common characteristics: they are distributed in cells and their parameters have a physical meaning. They require two kinds of input data (see Table 2 ): a physical characterisation of the study area (topography, land cover, soils, geology) to build a set of spatial parameters, and a hydro-meteorological time series for parameter identification, model evaluation and simulations. As can be seen in Table 2 , spatial data from different resolutions were obtained in each case study. With the help of geographic information systems it is possible to use the spatial data from different resolutions and combine them. Based on these pre-processed data, grid cell sizes were established as follows: 50 m at Upper Iller, 100 m at Poyo and 1000 m at Kamp. Time steps were equal to 5 min at Poyo, 15 min at Kamp and 60 min at Upper Iller. On the other hand, the models differ in the conceptualization for the hydrological processes. The main hydrological processes represented by them are summarised in Table 3 , while a brief description is presented as follows. In the TETIS model, runoff generation processes at each cell is based on linked storages, each one representing the different water storages in an "extended soil column", while runoff routing of the flow components (overland, interflow and baseflow) collected by the drainage network is performed using the so called "Geomorphological Kinematic Wave" approach (Francés et al., 2007) . The WASIM-ETH model is grid-based in the calculation of evapotranspiration, interception, snow melt and snow storage, infiltration and vertical soil water movement. It emphasises runoff generation by explicitly accounting for processes like infiltration, macropore flows, infiltration excess and saturation excess. The overland, interflow and baseflow are simulated as linear storages, with the former two being calculated per grid cell, while baseflow is calculated on the basis of the entire subcatchments (8 in the case of Upper Iller). For streamflow routing, the "Kinematic Wave" approach is used. The Kamp catchment at Zwettl was divided into three subcatchments with two river reaches. In the KAMPUS model, the processes which are represented at grid scale are snow, soil moisture and hillslope scale routing. In addition, a transfer function is used to represent the runoff routing in the streams within the subcatchment and stream routing processes are formulated at the reach scale using a lumped routing model. The next step in this modelling approach was the proper identification of model parameters. The TETIS model, implemented in the Poyo catchment, organises each effective parameter following a split structure (Francés et al., 2007) , consisting in a prior estimated map at pixel scale (grid element) based on spatial data listed in Table 2 , and a common correction factor for each parameter. The correction factors take into account input and model errors as well as spatiotemporal scale effects. In order to obtain an optimal set of correction factors, TETIS is coupled with an automatic optimisation algorithm based on the SCE-UA method (Duan et al., 1994) . In the Upper Iller catchment, this stage was carried out with WASIM-ETH model, involving a combination of two procedures: the first one involving a initial parameter estimate using a long list of parameter sets (100-200) based on spatial data listed in Table 2 , and the second one based on the freely available PEST software for nonlinear parameter optimisation, using the Gauss-MarquardtLevenberg algorithm (Doherty, 2005) . The calibration comprised only the 10 most relevant model parameters related to runoff generation. In the Kamp catchment, the strategy used with KAMPUS model was based on the "multi-source model identification" and on the "dominant processes concept" of Grayson and Blöschl (2000) . Grayson and Blöschl (2000) suggest that, the development, calibration and testing of distributed models should ideally involve observed spatial patterns of catchment response which can come from a number of sources, and that, at different locations and different points in time, a small number of processes will dominate over the rest. To this end, Hydrological Response Units (HRUs) were defined manually rather than by overlaying the spatial data listed in Table 2 , allowing some interpretation of the understanding of the hydrology of the area to be introduced. Table 4 summarises a brief description of the main model parameters identified in each case study, while a detailed description of model structure as well as all model parameters can be seen in the references given above (i.e., Francés et al., 2007; Schulla and Jasper, 2007; and Blöschl et al., 2008, respectively) .
Flood management scenarios and its parameterisation
The flood management measures studied in this paper (afforestation, micro-ponds and small-reservoirs) are based on the "retaining water in the landscape" concept, all of them producing a higher retention capacity within the catchment, but in different ways. Afforestation has been proposed as one of the most popular land-use changes for runoff generation reduction. On the other hand, micro-ponds and smallreservoirs have been suggested as two kinds of measures that focus on the introduction of small retention elements in the landscape forming small wetland areas. Here, the distinction between micro-pond and small-reservoir lies in the location of these small retention elements: while micro-ponds are located on hillslopes, small-reservoirs are situated within the channel network. These measures are introduced in each catchment model to compare their similarities and differences.
In order to have a standardised measurement of the implications of different scenarios and catchment sizes, a novel index, namely, the "Mean Areal Increase of Storage Capacity" (MAISC) has been introduced in this work. As can be seen in Eq. (1), the MAISC index is the difference between current condition and future scenarios in the relation between storage capacity of water retention and catchment area.
where S 0 is the current catchment storage capacity, S i is the future scenario catchment storage capacity and A is the catchment area.
Afforestation
For the Poyo catchment, afforestation was proposed as a way of ecological restoration on current agricultural areas (mainly complex cultivation patterns). Based on this criterion, the forest cover can be increased from 1 % to 28 %. In the Upper Iller catchment, the potential areas for afforestation were chosen in the following way: (i) afforestation areas were only derived from land characterised as pastures below the tree line; (ii) only pastures with a gradient of more than 5 % were chosen, as this area is characterised by a steep topography and the more level terrain was the more valuable to farmers; and iii) plots had to be greater than 5000 m 2 . The resulting forested area totalled 620 km 2 , corresponding to an increase from 32 % to 65 % of the whole catchment area. In the Kamp catchment, agricultural areas (mainly complex cultivation patterns) were assumed to be planted with pine trees, but making a distinction between hills and steep slopes to take into account their differences in the runoff generation: steep slopes are characterised by a lower soil storage capacity and faster runoff response. In the end, forest area was increased from 14 % to 23 % on steep slopes, and from 33 % to 63 % on hills. Percentages of afforestation scenario compared to the current conditions are given in Table 5 . Figure 4 specifies the current land cover which is to be converted to forest cover. Modelling the impacts of afforestation and/or other landuse or vegetation changes has the major challenge of reflecting the nature of changes in model parameter values, given an associated uncertainty in the modelling of discharges under current conditions (Beven, 2001 ). According to Bronstert et al. (2007) , the effects of land-use changes on runoff processes can be estimated by establishing a relationship between the model parameters and the land use characteristics of the catchment. Niehoff et al. (2002) suggest taking into account the following runoff generation issues: (i) the role of land-cover and soil characteristics in infiltration processes; (ii) the role of initial soil moisture conditions before flood events and (iii) the spatiotemporal dynamic of rainfall events. In this study, we have assumed changes in the soil structure, keeping in mind the actual characteristics of present forest soils. We expect an increase in processes such as interception and infiltration rates in forested areas, with a concomitant reduction in surface runoff and flood response (Calder and Aylward, 2006; Jewitt, 2005) . The forest hydrology recognises that soil properties can change in two different ways in the mid-and long-term: (i) changes due to forest management that will tend to revert to the antecedent conditions before the disturbance; and (ii) changes due to the growth of trees and their effects on soil properties, causing an increase in soil storage capacity. In this sense, changes in model parameterisation have been made by taking into account changes in the soil and vegetation properties defined for each model structure. Table 5 shows a summary of the modified parameters by the afforestation scenario for each catchment model. A brief explanation of the changes made to each hydrological model is presented as follows. In the Poyo catchment model, the TETIS model maximum static storage parameter (Hu) was changed by increasing its components: the capillary water storage in the upper part of the soil (by a range of 5-7 mm) and the initial abstractions (6 mm for interception and 2 mm for puddles). These increments were established by comparing the values of the existing forest (mainly pine) and agricultural areas at pixel scale. This increase in Hu represents a MAISC equal to 4 mm. Also, the vegetation cover index (which takes part in the actual evapotranspiration estimation) was increased from 0.2-0.6 in current area to 1 for the new pine forest. In the Upper Iller catchment, an increase in forested area directly affects interception, evaporation and transpiration via the WASIM-ETH plant parameters (LAI, root depth, canopy resistance to wind, and albedo). This meant an increase in areal maximum interception storage from 2.1 mm to 2.7 mm. Additionally, there was an increase in soil storage capacity by 2 %. The final MAISC was about 3.2 mm. In the Kamp catchment, the KAMPUS model parameters were changed as follows: the overland runoff is mainly influenced by the maximum soil moisture storage (called Ls) and parameter β, which accounts for the nonlinearity of runoff generation processes; the occurrence of surface runoff depends on the threshold value (called L1), which defines the storage level at which the capacity of the upper soil layer is exhausted and the overflow of the reservoir begins. The greater capacity to retain water in the forested areas was represented by a greater storage capacity L1 of the soils (20 mm greater than that of non-forested areas). The nonlinearity parameter β was set to a value of β = 3 for forested slopes and β = 5 for forested hills. For non-forested areas, the less distinctive nonlinearity of runoff processes was represented by lower β for the slopes (β = 2) and hills (β = 2). The threshold parameter L1 for the occurrence of surface runoff was set to 15 mm for forested slopes and 7 mm for non-forested slopes. Surface runoff rarely occurs in the hills with moderate slopes, therefore, no difference was made between parameter L1 for forested and non-forested hills. In both cases, threshold L1 was set to 50 mm. Consequently, for this scenario, MAISC was found to be about 7.8 mm. 
Retention elements in the landscape: small-reservoirs and micro-ponds
A set of small dams (to produce small-reservoirs) for the channel network was proposed for both Poyo and Upper Iller catchments. An example of the spatial distribution of these retention elements can be seen in Fig. 5 . For Poyo, this scenario was based on a technical proposal for flood control prepared by the Jucar River Basin Authority which proposed 184 reservoirs in the headwater catchment area with a total storage of 16 million cubic metres. These reservoirs include dams of different sizes (ranging from 5 to 30 m), with similar spillway characteristics and none of them possesses a bottom outlet. Based on this realistic scenario, we have generated two scenarios with dams lower than 10 m and seeking the same MAISC used in the other study areas (as it is described below); i.e., a MAISC equal to 0.47 mm for the small-reservoir scenario in the Upper Iller catchment and a MAISC equal to 1.2 mm for the micro-pond scenarios in both the Upper Iller and Kamp catchments. As a result, there was one scenario with three five-metre high dams, and nine ten-metre high dams. Its volume retention ranges between 432 to 41 725 m 3 , with a total water storage capacity of about 85 887 m 3 inundating a catchment area of about 0.02 % (0.04 km 2 ). The other scenario has three five-metre high dams and 34 ten-metre dams. It has a potential water storage capacity of about 220 195 m 3 , with a inundated area in the catchment of about 0.05 % (0.09 km 2 ). The Modified Puls Method (see e.g., Ponce, 1989 ) was used to represent the runoff routing at each small-reservoir. In the Upper Iller catchment, the potential locations and volume of the smallreservoirs were determined during a field campaign in May 2007. The selection of locations was based on the local microtopography. The reservoirs are thought to be restricted by a small dam (maximum height 5 m) with a culvert. These small-reservoirs are characterised by the fraction of overland flow routed into them or their inflows (defined by the ratio of catchment size of the reservoir over the size of the subcatchment), a constant outflow and a fixed volume from 1000 to 100 000 m 3 . Summing up all values over the entire catchment, a retention volume of 452 000 m 3 can be obtained and an accumulated reservoir catchment area of 90.3 km 2 (9.5 % of the whole area). This scenario is equivalent to a MAISC about 0.47 mm. A set of micro-ponds were also proposed for both Upper Iller and Kamp catchments. The basic principle of this scenario is to retain a fraction of the surface runoff on the hillslope by small dams, which would also affect downhill soil moisture. Figure 6 shows examples of feasible locations for these retention elements. In the Upper Iller catchment this scenario was implemented by increasing the potential of surface retention by 1.2 mm. This storage can only be filled by infiltration excess overland flow or saturation excess overland flow. Once neither saturation excess nor infiltration access are generated any longer (e.g., after the rainfall event or at lesser rainfall intensities) the storage is emptied by infiltration. This results in a potential capacity of water retention of about 1 144 800 m 3 and a MAISC of about 1.2 mm. However, as these water-filled soil hollows are likely to cause sedimentation of fines on the soil surface, the hydraulic conductivity assumed for infiltration was reduced to 1×10 −8 m s −1 . In the Kamp catchment, the volume of each micro-pond was of the order of 100 m 3 , with a total capacity for water retention of about 750 000 m 3 (7500 micro-ponds or 12 micro-ponds per km 2 ), giving a MAISC value of about 1.2 mm. Some modifications were made to the KAMPUS model structure of the Kamp catchment in order to represent the additional water retention of the micro-ponds. These elements were represented by additional bucket storages with a fixed spill-over. The micro-ponds were only drained by constant deep percolation to ground water storage. The drained water from the micro-ponds contributes to runoff with a certain delay in time and, hence, does not contribute to the fast runoff processes during the rising limb of floods. This is because of the very slow ground water processes. The modification of the hydrologic model accounts for these micro-ponds in the catchment results with the addition of three model parameters: the areal fraction of the grid elements drained into micro-ponds (αM), the threshold for limiting the storage capacity of the bucket (LM) and the constant deep percolation rate (percM) for drainage of the bucket storage. The parameters were set as lumped values for the entire catchment. Full bucket storage (3 mm) empties within a dry period of three days and the full retention capability of the bucket storage is recovered. For each pixel element (1 km 2 ) an additional storage capacity was obtained by multiplying this value with the other parameters (i.e., αM×LM ×percM).
As can be explained above, the scenarios described were introduced in each hydrological model either by changing model parameters or by using new parameters in the reservoir routing. Table 6 shows a summary of the new retention capacity in each catchment model and the model parameters introduced with these measures and their values.
Results and discussion

Modelling the current conditions
There are only relatively few hydro-meteorological data for the Poyo catchment, with only one rain gauge and one flow gauge providing observations every 5 min, which are operated by the Real Time System of Hydrological Information of the Jucar River Basin Authority. Since the late 1980s (when this system became operational) three flood events with discharges greater than 100 m 3 s −1 and twelve flood events with discharges less than 100 m 3 s −1 were recorded. Based on these records, ten events were selected for the calibration and validation stages. The original temporal resolution of five minutes was chosen to accurately simulate the occurrence of infiltration excess overland flow. This runoff production mechanism is usually linked to high rainfall intensities during rather short periods (Bronstert and Bárdossy, 2003) , which are typical in this hydro-climatic region. The calibration was performed using the greatest event occurring in October 2000 and using the root mean square error (RMSE) as the objective function. It is shown in Fig. 7a . The hydrograph was well-represented with an error in the peak discharge of about 0.2 %, the Nash-Sutcliffe efficiency (NSE) index was 0.82 and the RMSE-observation standard deviation ratio (RSR according to Moriasi et al., 2007) was found to be about 0.42. The model validation showed a good representation of other nine recorded hydrographs. The peak discharge error was less than 8.5 % in all cases, NSE ranged between 0.51 and 0.75 and RSR between 0.50 and 0.70. Using the reference values of general performance ratings for recommended statistics given by Moriasi et al. (2007) , the results in terms of both NSE and RSR were very good in the calibration stage and between satisfactory and very good in the validation stage. In the calibration and validation stages, the initial soil water contents were estimated by automatic optimisation, giving reasonable values according to continuous simulation at daily scale with the support of the regional rain gauge network operated by the Meteorology Spanish Agency. The results of the modelled events showed that the main component of the total discharge was the overland flow, as was found by Camarasa and Segura (2001) .
For the Upper Iller catchment, a total of 11 rain gauges and 8 runoff gauges were used. In the WASIM-ETH model, a model time discretisation of one day was applied for the establishment of initial conditions, while the actual simulations were carried out using hourly time steps. A regression-based method was used to improve input data to solve the problem of the strong gradient of temperature and precipitation with altitude, which is often not captured by the available climate station data. The calibration was carried out for each subcatchment separately for the time period March-September 2002. During the calibration phase, downstream subcatchments received measured discharge time series from their respective upstream counterparts. This ascertains that model errors from upstream catchments are not compensated by the parameters determined for the lower catchments. The model performance showed balance errors between 4 % and 23 % and NSE indices between 0.78 and 0.87, which is quite high given the above described difficulties with the input data. Figure 7b shows the results for the lowest subcatchment. In most cases base flow is only produced at a very low level, with interflow taking over and providing streamflow during periods between rainfall events. Only one subcatchment had a higher interflow component producing event dynamics instead of overland flow. It is only during the snow melt period as well as during larger rainfall events that a pronounced and strong response in overland flow occurs. Model validation was carried out for the March-August 2005 period, with one year as warming-up period. As the discharge time series of most gauging stations have one or more gaps of at least several months, validation was only carried out for one of the headwater subcatchments. In this case, the validation was very good with a NSE of 0.86.
For the development of the distributed model at the Kamp catchment, data from 16 rain gauges were used. Of these, 10 rain gauges had 15-min recording intervals while the others were daily gauges. Climatologically scaled radar information was used to interpolate input data at each time step in the model. Additionally, spatially distributed air temperature grids were interpolated, based on observed air temperatures recorded at eight gauging stations in the study catchment. The gridded meteorological input data were used to simulate state variables such as soil moisture, reservoir storage and snow water equivalent at each modelling time step. For the development of the distributed model, discharge data between 1993 and 2005 from Zwettl station were used. The simulations were compared with observed runoff data at a seasonal scale and at the event scale stratified by hydrological situations. Event analysis was stratified by magnitude and event types as synoptic (large scale), convective (small scale), snow melt, and rain-on-snow events. During the calibration and validation process hydrologic reasoning based on field surveys, expert knowledge from local water professionals and additional data sets (e.g., ground-water levels) was used as external information to test the plausibility of the model structure and parameters. The model performance for the entire simulation period (from October 1993 to August 2005) with a NSE of 0.88 and a balance error about 5 % was very good. The result for a convective event (August 2005) is shown in Fig. 7c : the hydrograph was very well represented with an error in the peak discharge of about 14 %, with a NSE index of 0.84. Figure 8 shows that in the case of small storms, the peak flow reduction reached values of one-third for Poyo and Kamp catchments and about one-fifth for the Upper Iller catchment, but it was nearly zero for the largest events in all study areas. Figure 8 shows that the potential effect of afforestation on peak flow reduction decreases when the event magnitude increases. This plot shows that there is a considerable similarity in tendencies among all our case studies. This behaviour is due to the role of interception and soil moisture deficit of the forest in the rainfall abstraction, which can represent a significant proportion of rainfall volume in the case of small storms, but is relatively insignificant for the largest rainfall events (Calder and Aylward, 2006) . Although these results agree with the predominant findings in forest hydrology, recent studies showed a contrary effect, that the effects of this land use change remain important even for extreme floods. Hicks et al. (2005) combined field methods with modelling to analyse the flood response of a small Appalachian catchment (2.1 km 2 ) to a largest event. They concluded that even under extreme rainfall conditions, land use (45 % forested and 55 % grass/pasture) can play a role in determining the magnitude and timing of flood peaks at small scales. Kuras et al. (2012) used a modelling-based investigation on a planned forest harvesting (50 % of a catchment with 4.74 km 2 located in south central British Columbia), where the effect on peak reduction (9 %-25 %) increased with return period (10-100 yr). It was attributable to the snow-dominated runoff generation processes in the catchment. A possible explanation for these differences in findings may be due to different factors related to catchment size such as peak discharge synchronisation, the proportionate change in land use and rainfall spatial scale (Calder and Aylward, 2006) . Calder and Aylward (2006) stated that "although land use change effects on floods may be detectable on small catchments the "signal" is likely to be weaker on large catchments".
Effects of afforestation
Regarding the effect of initial soil moisture, Fig. 8 shows that in general terms, this kind of measure tends to be more effective in peak discharge reduction with dry initial conditions than with wet initial conditions. This is because with wetter initial conditions the interception storage is rapidly saturated and the infiltration capacity is smaller (López-Moreno et al., 2006) . Figure 8 and Table 7 show effectiveness as a function of MAISC index, where the lower the MAISC value, the lower the peak discharge reduction. The small difference in the upper quartiles between Kamp and Poyo (Table 7) could be due to the particular flood-producing rainfall characteristics of their hydro-climate regimes: Poyo has a drier regime than Kamp. The effect of land use measures strongly depends on antecedent conditions and on the type of precipitation, as concluded by Niehoff et al. (2002) and by Hooijer et al. (2004) . Additionally, the potential of flood control by land-use management measures is also dependent on the site-specific soil and relief conditions (Wahren et al., 2007) .
The tendency line of the Poyo case study (red line in Fig. 8) shows the influence of the afforestation scenario on the ten historical events that were simulated. The largest event was not mitigated (peak reduction was almost insignificant) because it was a long event of large magnitude, with high-intensity intervals and wet initial soil moisture conditions. This effect was found also by Bellot et al. (2001) in one small Mediterranean catchment (∼6 km 2 ). For the remaining long events (which were generally of medium magnitude) flow peak reductions ranged between 5-6 % for wet and 10 % for dry initial soil moisture condition. For summer convective storms (which were generally of low magnitude and exhibiting dry antecedent conditions), reductions of about 22-33 % were found. These values of peak reduction agree with the results found in similar hydro-climatological regions by both Cognard-Plancq et al. (2001) with annual flood peak reductions up to 20 % and with the results found by Cossandey et al. (2005) who reported reductions of about 31 % for the annual peak floods and 5 % for 10-yr peak floods.
The tendency line of the Upper Iller catchment (green line in Fig. 8) shows the peak flow reduction was between 2 % and 8 %: very small for extreme floods with peak discharges above 300 m 3 s −1 (> 0.3 m 3 s −1 km −2 ) and rather moderate for small and medium floods. The results for small and medium floods were found to have the same order of magnitude as that found in the study by Papankova et al. (2006) for events between 2 and 50 yr return period for an afforestation scenario in the Hron River basin (central Slovakia). The kind of soils in the Upper Iller catchment could be another reason why there is little effect on peak flow reduction. On shallow soils and low-permeable bedrock, subsurface flow processes are quite important as was observed in this study as well as in another given by Bronstert et al. (2007) for one subcatchment of the Rhine River basin located in the Maritime-Continental hydro-climatic region.
The tendency line of the Kamp study (blue line in Fig. 8 ) shows the influence of afforestation scenario on the ten flood events at the Zwettl/Kamp gauge station. The effect of this land use change is very small for extreme floods with peak discharges above 350 m 3 s −1 (>0.5 m 3 s −1 km −2 ). For smaller events, the influence of land-use change starts to be significant with peak reductions of up to 30 %. These results agree with the findings in the Poyo catchment: the two case studies indicate that the systematic afforestation of agricultural areas will reduce peak flows for small and medium events, but with no reduction for large events. Also, these results agree with some findings in the same hydroclimatic region. In the Schwarze Pockau catchment in Germany (129 km 2 ), Wahren et al. (2007) found a decrease in peak flow of 24 % in the flood-producing heavy rainfall event, 21 % for a typical frequent event and practically no effect (3 %) for the highly infrequent event from August 2002 (which contributed to the devastating "Elbe flood" event). Merta et al. (2008) analysed the effects of several scenarios in the Weißeritz catchment (German-Czech border) in terms of both reduction of areas with quick runoff components and reduction of peak discharge. One of these scenarios was a partial afforestation on Höckenbach subcatchment (16.7 km 2 ) where peak flow reductions were less than 20 % for intense but short summer rain events, depending on the recurrence intervals and was higher for the most frequent events. In the case of rain events with longer duration the peak discharge could be reduced by up to 10 %.
Effects of landscape retention elements: small-reservoirs and micro-ponds
Retention elements at headwater channel networks with a low MAISC index (small-reservoirs with a MAISC equal to 0.47 mm at both Poyo and Upper Iller) were shown to have limited effects on peak flows (peak reduction quartile values are shown in Table 8 ). The low effectiveness of this kind of measure can be explained by the low increment in retention capacity and the runoff generation in areas downstream of the small-reservoirs. In fact, the topography and size of the Iller catchment (Iller is 5.2 times bigger than Poyo) forced a worst distribution of the small-reservoirs and consequently a smaller peak discharge reduction than in Poyo catchment. This confirms the statements by Leopold and Maddock (1954) who argued that a series of small headwater dams were ineffective during the biggest floods at large catchments scales. Also, Hooijer et al. (2004) found that retention measures along upstream channels may help reduce Fig. 9 . Effect of the flood retention measures on peak discharge in the catchments outlets considering the same MAISC equal to 1.2 mm and two initial soil moisture conditions: solid symbols means "wet" and empty symbols means "dry". Catchments: (a) small-reservoirs at Poyo (red triangles), (b) micro-ponds at Upper Iller (green squares) and (c) micro-ponds at Kamp (blue circles).
flood risk in the upstream sub-basins, but will contribute little to flood risk reduction far downstream.
In the case of retention elements at hillslopes using microponds, with a MAISC equal to 1.2 mm for both Upper Iller and Kamp, there was greater effectiveness than in the smallreservoir scenarios, but the difference was moderate, as can be seen in Table 8 . The differences between Iller and Kamp in the magnitude of peak flow reduction can be attributed to the same situation seen in the small-reservoirs; i.e., Upper Iller catchment is 1.5 times larger than Kamp and it has a higher probability of runoff generation on drainage areas located downstream from the measurement locations. Notice also that for retention elements on hillslopes, MAISC is three times higher than for retention elements within the channel network. Table 8 shows that for the scenarios with MAISC values of about 1.2, effectiveness was greater than for scenarios with values of about 0.47 mm. For a large river basin and large reservoirs, Batalla et al. (2004) used the ratio of reservoir capacity to mean annual runoff and concluded that, when this ratio increased, flood frequency and magnitude decreased.
Results from Table 8 show that, for the same MAISC, small-reservoirs were more effective at Poyo than microponds at Iller, but micro-ponds were slightly more effective at Kamp than small-reservoirs at Poyo. Therefore, other local factors are playing a significant role in the effectiveness of flood attenuation. For all case studies, the tendency line in Fig. 9 indicates that, in general, peak discharge reduction is higher for lower peak discharge magnitudes and vice versa. A similar tendency was observed by López-Moreno et al. (2002) through time-series analysis, Chen et al. (2007) found that the effectiveness of analogous measures decreased whilst flood event characteristics increased. Figure 9 separates events according to dry and wet antecedent soil moisture conditions. While flood retention measures (small-reservoirs and micro-ponds) were more effective during events with wet initial conditions than for dry events for the Poyo and Kamp catchments, at the Upper Iller catchment there was no clear relationship. Each case study was analysed separately in an effort to explain this different behaviour.
In the case of the Poyo catchment (red triangles in Fig. 9 ) a clear pattern was found as a function of the event characteristics. Peak discharge reduction in summer convective rainstorms with small magnitudes, short duration and dry initial conditions were almost insignificant. Flood genesis in these cases was due to flashiness responses in the lowest part of the catchment. In these areas the effect of the set of smallreservoirs is almost nil because they are distributed at headwater and middle areas of the catchment. For longer storm events affecting larger areas of the catchment, the runoff generated and concentrated at headwaters can be captured by the small-reservoirs, affecting more significantly the peak discharge at the outlet. As expected, this influence diminishes when event magnitude increases.
The micro-pond scenario in Upper Iller catchment was clearly more effective than small-reservoirs for smaller events, but the difference diminishes with larger floods. The events analysed for the peak reduction study were separated into events with wet antecedent conditions and events with dry antecedent conditions. For the headwater subcatchment we found that, in general, both micro-ponds and smallreservoirs were more effective for dry antecedent conditions whereas no clear pattern was observed for the entire catchment. These results might be caused by the small sample size and a mixing of effects such as location of runoff generation and event characteristics (magnitude, duration and antecedent conditions).
Circles in Fig. 9 represent the influence of micro-ponds on ten historical flood events simulated in the Kamp catchment. The peak discharge reduction rapidly decreases with larger flood peaks. The influence of the micro-ponds on flood Fig. 10 . Effect of MAISC and two different small-reservoirs spatial distribution in the Poyo catchment: (a) more concentred at headwater areas and (b) distributed both at headwater and at middle areas. response was examined for different event types. For small events, mostly convective events, flood peak reductions of up to 14 % were observed. For extreme flood events with peak discharges above 350 m 3 s −1 (>0.5 m 3 s −1 km −2 ), the potential reduction of the micro-ponds is nearly zero. In the case of extreme events that occur when large parts of the catchment are already saturated after the first intensive rainfall, the reduction in soil moisture due to the construction of microponds has only a small effect on the flood peak. The peak reduction through micro-ponds is higher for wet initial conditions. This is due to the fact that the fraction of surface runoff is greater in the case of high soil moisture and more water drains into the micro-ponds.
As a final analysis, Fig. 10 shows the peak discharge reduction as a function of a wide range of MAISC values in the Poyo basin with two small-reservoirs configurations: (a): more concentrated in headwaters areas; and (b) with some small-reservoirs located in the middle basin. In both cases, a greater MAISC is associated with a greater mean and upper quartile of peak discharge reduction. In addition, for similar MAISC values, the set of reservoirs influencing headwater and middle areas showed higher peak reductions than the other set which mainly influences headwater areas. This effect was more accentuated for MAISC values lower than 1.49 mm.
Applicability and limitations
The model evaluation demonstrated that physical dominant processes in the studied catchments have been simulated appropriately for the reference period. The model performances were satisfying with respect to runoff simulations, but could be checked only qualitatively due to limited observations. On this basis, it is assumed that the models are capable of performing projections based on the characteristics prevailing in the catchment. Parameters changes should be considered when analysing the effects of flood management measures in scenarios studies providing that the model assumptions made in this approach are valid. As was discussed above, the effect of the measures depend on different factors such as rainfallproducing floods, soil moisture antecedent conditions, soil characteristics, catchment size, relative storage capacity in the catchment and measurement location. But, the results also depend on each model conceptualisation and parameterisation. Although these effects are likely to be specific in each catchment, the results showed similar tendencies in all catchment investigated. These results should be representative for other catchments in similar hydro-climatic regions.
The results also showed that each hydrological model has different sensitivities related to the assumed parameter changes. Although the quantification of the uncertainties underlying this approach are beyond the scope of this study, it should be considered in subsequent analysis. To this end, there is a wide body of literature. For example, Nandakumar and Mein (1997) quantified the levels of uncertainty in rainfall-runoff model predictions due to the errors in hydrological and climatic data and considered the implications for prediction of the hydrologic effect of land-use changes. Also, an approach to assess the effects of different land covers on model outputs was given by Eckhardt et al. (2003) . Methods to ensemble different models were presented by Huisman et al. (2009) where the probabilistic reliability ensemble averaging method allowed a quantification of the model structure uncertainty in the land use scenario predictions. The latter has become standard practice in analysis of predictions of future climate.
Conclusions and recommendations
This study covered a wide spectrum of hydrological processes in catchments located in different hydroclimatological regions in Europe (Mediterranean, Alpine and Continental). The respective processes have been adequately represented with a physical meaning using distributed process-oriented hydrological models and a proper model identification and parameterisation. According to standard model evaluation techniques (Moriasi et al., 2007) , the three models (TETIS, WATSIM-ETH and KAMPUS) produced performance rating from satisfactory to very good simulations for the reference period. The use of the fitted models for modelling assumed flood management scenarios was possible and potentially useful for planning purposes. However, the uncertainties of this kind of approach due to typical errors related to model structure, parameters and input data are of major importance. A way to demonstrate the model transferability should be implemented using data from a wide range of climatic conditions and with an ensemble of different models or, possibly, with an ensemble of a given model using different parameter sets (Duan et al., 2006) . Huisman et al. (2009) applied an ensemble of hydrological models to analyse the same set of land use change scenarios, increasing their confidence in the scenario predictions. However, they suggest its use in a well-instrumented catchment that has experienced, or is still experiencing, land use change.
The combination of comparative analysis and modelbased scenario assessment has helped to find general tendencies in spite of the particular differences among studied areas. The results possibly depend on both specific catchment characteristics and specific model assumptions, but the individual effects were similar for all catchment studied. As was concluded by Robinson et al. (2003) a relative consistency of results between regions gives confidence in the generality of the findings. Therefore, these results could be representative for other catchments in similar hydro-climatic regions. In general terms, the potential capacity for flood peak reduction through the concept of "retaining water in the landscape" (i.e., the effectiveness of the particular measures analysed) is clearly a function of the relative storage capacity in the catchment and the event magnitude. This relative storage capacity can be measured by the MAISC index. Also, the effectiveness is dependent upon the rainfall characteristics and antecedent soil moisture conditions, and it is controlled by the spatial distribution of the retention measures within the catchment.
In general, the strategy of "retaining water in the landscape" through decentralised measures such as afforestation, small-reservoirs and micro-ponds could play an important role for flood management in meso-scale catchments for small and medium events, but has almost negligible effects during the largest flood events. Although a hazard reduction will be expected using these measures, especially for frequent floods, it is necessary to put these results in the context of flood risk management because the vulnerability has not changed. Therefore, the social awareness of potential flood damage during large floods needs to be increased to counteract the fact that the population is experiencing floods less frequently and is thus no longer regularly reminded of this particular risk.
In particular, afforestation and micro-ponds may also have other benefits. Afforestation could play an important role in preventing landslides and related flood processes as it protects the soil from temperature and moisture extremes, as well as offering protection against erosional forces such as raindrop impact (Jewitt, 2005) , especially on steep slopes. These effects are likely to be site and possibly event specific (Calder and Aylward, 2006) . Micro-ponds managed in conjunction with ecologically sound agricultural practices may help to improve water quality (De Laney, 1995) .
Finally, we want to make two sets of recommendations. First, we suggest that the following should be considered for future research in this area:
1. An analysis beyond individual hydrographs or discharge time series when examining changes in the flood frequency curve as a support for the analysis of changes in both flood hazard and flood risk (O'Connell et al., 2007) .
2. Recent studies call for interdisciplinary frameworks to take into account the ongoing hydro-climatic changes in the context of water-resource risk assessment and planning. To this end, Milly et al. (2008) suggest that future water management measures and landscape changes should be routinely included in climate models. Alternative techniques to the current scenario approach such as the so-called sensitive methods and trading space for time can add more credibility to model projections (Peel and Blöschl, 2011) . Merz et al. (2011) suggest the use of models which can use hydrological response data other than outlet discharges to identify model structures capable of representing hydrological processes in a changing world.
Different strategies for parameter changes due to the proposed measures were presented as a function of the model and available information. But, in the case of afforestation scenarios, we found a high uncertainty when translating hydrological characteristics from the real world to the hydrological model parameters. So, in our second set of recommendations, we suggest the following:
1. Estimated changes in model parameters could be supported by the use of physical or empirical relationships with uncertainty analysis (Wagener, 2007) .
2. A review of experimental results about infiltration features of top soils and the hydraulic soil conductivities as a function of forest state, development and age. In this respect, a series of field experiments should be considered to add data about the response of these important parameters where needed.
3. Due to the complexity of the interacting processes that could be affected by land use changes and their feedbacks at large spatial scales (Calder and Aylward, 2006) , it is necessary to conduct more studies at the catchment scale, as in the project led by the Flood Risk Management Research Consortium in UK (FRMRC, 2012) and using different data sources (Bulygina et al., 2012) .
